Amphiphilic porphyrin derivatives have been synthesized and characterized by 1 H NMR and MALDI-TOF-MS. All porphyrin derivatives showed very high solubility to aqueous medium as well as hydrophobic organic solvent. The UVvis absorption of the porphyrin derivatives showed significant broadness and decrease of maximum intensity of absorption in aqueous solution. SEM experiment showed the formation of spherical micellar structure. The T1 relaxation time of aqueous medium was drastically decreased in the presence of Mn(III)-porphyrin derivative, indicating that the supramolecular micelle has strong possibility to use as a T1 contrast agent.
Introduction
Porphyrins ubiquitously exist in animals and plants as key functional molecules for biological activity. 1 The structure of porphyrin is an aromatic macrocyle formed by 4 pyrrole ring connected with methane bridges. The center of porphyrin can accommodate various metal ions by the coordination to 4 nitrogen atom in pyrrole rings. The metal coordination into porphyrins results in various functional properties, such as electronics, photonics, light-energy conversion, and catalysis. 2 In the biomedical field, metalloporphyrins are attracting attention as photosensitizers for photodynamic therapy.
3 Upon a light irradiation, porphyrin derivatives can emit strong fluorescence or generate reactive oxygen species. The strong fluorescence can be utilized as a diagnostic tool for the detection of malignant tissues. And also, the photo-induced reactive oxygen generation can be utilized as a noninvasive treatment of solid tumors. On the other hand, paramagnetic transition metal ion coordinated porphyrin derivatives have been synthesized for the application as MRI contrast agents. Typically, manganese-introduced porphyrin derivatives are currently investigating in clinical availability. 4 In this context, we have synthesized amphiphilic Mn (III)-porphyrin derivative which formed supramolecular micelle in aqueous medium. 5 Mn(III)-porphyrin derivative is expected to be useful as tumor-enhancing agents for MRI due to their high ability to reduce the T1 relaxation time. Because the large hydrodynamic volume of supramolecular micelle possibly enhances tumor localization through the enhanced permeability and retention (EPR) effect, 6 the self-assembled Mn(III)-porphyrin micelle would be very useful for the detection of malignant disease.
Experimental
General procedures. 1 H and 13 C NMR spectra were obtained on Bruker DPX-400(400 MHz) spectrometer as solution in † This paper is dedicated to Professor Sunggak Kim on the occasion of his honorable retirement.
CDCl3. TLC was performed on pre-coated silica gel glass plate (silica gel 60, F-254, thickness 0.25 mm) by Merck Inc. UV-vis spectra were obtained from JASCO V-660 spectrophotometer. MALDI-TOF MS spectrum data were obtained on Kratos AXI-MA-CFR. Platinum-coating for sample scanning electron microscopy (SEM) was taken by Hitachi E-1030, and SEM images were obtained from Hitachi S-4300. The transmission electron microscope (TEM) was performed at 120 kV using JEOL-JEM 2020. The specimens for TEM were prepared by the dropping the solution onto Formvar/Carbon grid (300 mesh, Cu, 50/pKg) and then dried at room temperature for 24 hrs. For the improvement of TEM contrast, RuO4 was used as staining compounds.
Synthesis of PEG dendron. The 2 nd generation PEG dendron (4) was synthesized by a previously reported procedure. 7 Briefly, tri(ethylene glycol) monomethyl ether was reacted with methallyl dichloride in the presence of NaH, and then methallyl group was converted to hydroxyl group using hydroboration reaction to obtain the 1 st generation PEG dendron (2). Compound 2 was again reacted with methallyl dichloride in the same manner with tri(ethylene glycol)monomethyl ether to obtain 4. Synthesis of 5: 4 (5.5 g, 6.3 mmol) and p-toluenesulfonyl chloride (3.8 g) was dissolved in dry CH 2 Cl 2 (50 mL) and pyridine (3 mL) and then stirred for 5 hrs at 25 o C. The organic layer was washed with water, and was dried over anhydrous magnesium sulfate. Then the solvent was removed in a rotary evaporator, and the crude product was purified by flash column chromatography to obtain 78% yield of 5 (5.0 g) as yellow oil. Synthesis of 6: Paraformaldehyde (1.2 g, 40 mmol) and pyrrole (100 mL, 1.44 mol) were dissolved in mixture of AcOH (150 mL) and MeOH (50 mL). The solution was stirred for 20 hrs at 25 o C. After then, the reaction mixture was washed with water (200 mL × 2) and aqueous KOH solution (0.1 M; 200 mL × 2). The product was purified by flash column chromatography as eluent of CH2Cl2 to obtain 6 as white crystal in 48% yield (2.46 g).
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Synthesis of 7:
To a mixture solution of 6 (2 g, 13.7 mmol), 4-n-decyloxylbenzaldehyde (1.89 mL, 6.90 mmol), and 4-hydroxybenzaldehyde (850 mg, 6.90 mmol) in CH2Cl2 (580 mL) and MeOH (150 mL), BF3․Et2O (2 mL) was added and then stirred for 24 hrs at 25 o C. After then, p-chloranil (10 g, 40.0 mmol) was added to the reaction mixture and further stirred for 12 hrs. After removing the solvent, the product was purified by flash column chromatography, followed by recrystallization in (CH2Cl2/Hexane) to obtain 7 as purple solid in 10% yield (400 mg). 1 H NMR (400 MHz, CDCl3) δ 10.82 (s, 2 H; meso-CH in Porphyrin), 9.07-9.11 (m, 8 H; pyrrole β-H), 8.75 (s, 1 H; -OH), 8.37-8.44 (q, 4 H; C6H4), 7.22, 7.36, 8.08, 8.15 (d, 8 H; C6H4) , 0.92-2.04 (m, 21 H; alkyl chain), -2.98(s, 2 H; NH).
Synthesis of 8:
To a mixture solution of 5 (0.32 mL, 0.31 mmol) and 7 (100 mg, 0.155 mmol) in DMF (100 mL), K2CO3 (138 mg, 0.8 mmol) was added and then refluxed for 12 hrs. The reaction mixture was poured in water (200 mL) and then extracted with ethyl acetate (200 mL). The combined extract was evaporated to dryness. The residue was column chromatographed to obtain 8 of purple liquid in 70% (161 mg Synthesis of 9: To a mixture solution of 6 (2.11 g, 14.5 mmol), 3,5-dihydroxybenzaldehyde (1 g, 7.24 mmol) and 4-carboxybenzaldehyde (1.19 g, 7.24 mmol) in CH2Cl2 (640 mL) and MeOH (160 mL), BF3․Et2O (4 mL) was added and stirred for 20 hrs at 25 o C. p-Chloranil (5.18 g, 21.1 mmol) was added to the reaction mixture and further stirred for 8 hrs. After then, MeOH solution of Zn(OAc) 2 was added to the reaction mixture. After removing the solvent, the product was purified by flash column chromatography, followed by recrystallization in (CH2Cl2/Hexane) to obtain 9 as purple solid in 15% yield (670 mg). 1 H NMR (400 MHz, CDCl3) δ 10.37 (s, 2 H; meso-H in porphyrin), 8.91-9.53 (m, 8 H; pyrrole β-H), 8.37-8.44 (q, 4 H; C6H4), 6.68 and 7.08 (s, 3 H; C 6 H 3 ), 4.07 (s, 3 H; -OCH 3 ).
Synthesis of 10:
A mixture solution of 9 (890 mg, 1.44 mmol), K2CO3 (2 g, 14.4 mmol), and 18-crown-6-ether (760 mg, 0.288 mmol) in dry THF (140 mL), 1-bromooctane (5 mL, 28.8 mmol) was added and then refluxed for 25 hrs under N2. The reaction mixture was poured into water extracted with ethyl acetate. The combined extract was column chromatographed to obtain 10 as pink solid in 71% yield (0.86 g). 1 Synthesis of 12: To a mixture solution of 11 (70 mg, 0.086 mmol) and 5 (0.2 mL, 0.12 mmol) in THF (30 mL), 60% NaH (20 mg, 0.021 mmol) was added at 0 o C and slowly warmed to room temperature. And then, the reaction mixture was vigorously stirred for 3 days. The mixture was poured into water and extracted with ethyl acetate. The combined extract was evaporated to dryness and column chromatographed to obtain 12 as purple solid in 21% yield (30 mg Synthesis of 13: To a solution of 12 (5 mg, 3.01 µmol) in CH2Cl2 (20 mL), trifluoroacetic acid (2 mL) was added and stirred 5 min. The mixture solution was washed with water (3 × 20 mL) and then column chromatographed to obtain 13 as purple solid in 95% yield (4.57 mg). Synthesis of 15: 13 (4 mg, 2.5 µmol) and manganese(II) chloride tetrahydrate ( 20 mg, 50 µmol) were dissolved in DMF (20 mL) and refluxed for 12 hrs. The mixture was extracted with ethyl acetate from water, and the organic phase was collected. Removing solvent by evaporation, the crude product was separated by flash column chromatography, and purified by washing with MeOH following hexane to afford 15 (2.07 mg, 49 %) as purple solid. UV-vis (CH2Cl2): λmax 369, 471, 569, 601 nm; (H2O): λmax 365, 461, 560, 596 nm; MS m/e 1649.96.
Result and Discussion
The synthesis of amphiphilic porphyrin derivatives were accomplished as following. For the synthesis of PEG dendron (4), tri(ethylene glycol) monomethyl ether was reacted with methallyl dichloride in the presence of NaH, and then methallyl group was converted to hydroxyl group using hydroboration reaction to obtain the 1 st generation PEG dendron (2). Compound 2 was again reacted with methallyl dichloride in the same manner with tri(ethylene glycol)monomethyl ether to obtain 4. Finally, the core hydroxyl group was converted to toluenesulfonyl group for the coupling with porphyrin derivatives (Scheme 1). Porphyrins were prepared by the condensation and successive oxidation reactions between dipyrromethane (6) and appropriate aldehydes under acidic condition, where the p-chloranil was used as an oxidant. For the synthesis of monoalkyl substituted porphyrin (7), 4-n-decyloxybenzaldehyde and 4-hydroxybenzaldehyde were used as starting materials (Scheme 2). On the other hand, 3,5-dihydroxybenzaldehyde and 4-carboxymethylbenzaldehyde were used as starting materials for the synthesis of 9. Alkyl chain was introduced to 9 to obtain 10, which was re-duced to get dialkyl-substituted porphyrin having hydroxyl group (11) (Scheme 3). Finally, 5 was conjugated to the porphyrin units with alkaline mediated coupling reaction to obtain amphiphilic porphyrin derivatives, which were characterized by 1 H NMR and MALDI-TOF-MS analysis. To obtain manganese coordinated compounds, porphyrin derivatives (8 and 13) and manganese(II) chloride tetrahydrate were dissolved in DMF and then refluxed for 12 hrs. Thus obtained manganese (III) coordinated amphiphilic porphyrin derivatives (14 and 15) were characterized by MALDI-TOF-MS and UV-vis absorption.
All amphiphilic porphyrin derivatives (8, 13, 14, and 15 exhibited good solubility to aqueous medium as well as hydrophobic solvents such as CHCl3 or CH2Cl2. Porphyrin derivatives show characteristic absorption around 400 -500 nm (Soret bands) and 550 -650 nm (Q-bands). Compound 8 showed absorption maximum at 411 nm (ε = 3.3 × 10 5 ) and 543 nm in CHCl3. By coordination of manganese to 8, the UV-vis absorption of both Soret and Q-band was significantly changed to the typical absorption of manganese porphyrin (Figure 1a ). Compound 14 showed large absorptions at 337, 373, 474 (ε = 7.24 × 10 4 ), 572, and 604 nm. Similar phenomena were also observable with compound 15 (Figure 1b ). On the other hand, although all amphiphilic porphyrin derivatives exhibited very good solubility to aqueous medium, they showed significant broadness and decrease of maximum intensity of absorption in aqueous solution. These observations possibly indicate the formation of supramolecular assembly through π-π interactions among porphyrin unit. Therefore, the solutions of 14 and 15 were drop casted and subjected to electron microscopy. As a result, both 14 and 15 was exhibited formation of spherical micellar structures with diameters about 20 nm (Figure 2 ). Considering the molecular structures of 14 and 15, hydrophilic PEG dendrons can be located onto the periphery of the micellar structure and hydrophobic porphyrin units can form micellar core. Because the PEG is the most widely utilized biocompatible polymeric segment, we can expect that these materials can be utilized as a platform of bioimaging tools. Recently, noninvasive diagnostic techniques, such as computed tomography (CT), positron emission tomography (PET), and magnetic resonance imaging (MRI), are attracting increasing attention for the improvement of patient's quality of life. Among those techniques, MRI is one of the most powerful medical diagnostic tools. The MR image is generated from the difference of proton relaxation time between normal and abnormal tissues. To improve visualization of abnormal lesions, MRI examinations require the use of contrast agent. There are two different types of contrast agent used for the purpose of MR image enhancement. 8 One type of contrast agent uses paramagnetic ions, and the other uses iron oxide nanoparticles. The paramagnetic ions gave brightness of MR images by shortening of the longitudinal relaxation time, T1, of protons. Alternatively, iron oxide nano-particles gave darkness of MR images by shortening of T2 relaxation times of neighboring protons. Although iron oxide nanoparticles have very high sensitivity, there are several disadvantages of T2 contrasted MR images. The darkening of image is less sensitive than T1 contrast images, because the darkness can be resulted in various pathogenic conditions such as bleeding or calcification. Furthermore, superparamagnetic agent induces perturbation of the magnetic field on disease lesion as well as neighboring normal tissues. On the other hand, T1 contrast agents also have several drawbacks to improve their clinical availability. Clinical contrast agents currently being used include chelates to reduce toxic side effect of the metal ions. Low molecular weight MRI contrast agents diffuse rapidly from blood vessels into the interstitial space and are excreted from the body very rapidly. To achieve long circulation time in blood vessel, high molecular weight compounds have been developed in which metal ion-ligand complexes are covalently bound to several polymers, such as albumin, dextran, and polylysine. 9 Although the stability in blood stream can be improved by covalent conjugation of the complexes and polymers, slow clearance and long term toxic side effect would be another problem. Therefore, the Mn(III)-porphyrin derivative supramolecular micelle possibly has characteristics as T 1 contrast enhancing nanoparticle. And also, the excretion of the supramolecular micelle would be relatively easy because the molecular weight of Mn(III)-porphyrin derivative is small and micelle can be dissociated under dilution. As preliminary experiment, we have measured the T1 relaxation time of aqueous medium in the presence of compound 14. As a result, the T 1 relaxation time was 80.25 ms at the concentration of 2.47 mM. Considering the commercially available Gd-DTPA has about 4.5 mM -1 sec -1 of T1 relaxivity, the Mn(III)-porphyrin derivative supramolecular micelles have sufficiently high T1 relaxivity to utilize as MRI contrast agent. 10 
Conclusion
We have synthesized manganese coordinated amphiphilic porphyrin derivatives, which formed supramolecular micelle in aqueous medium. The formation of spherical micellar structures with diameters about 20 nm was observed by SEM measurement. The T1 relaxation time of aqueous medium was drastically decreased in the presence of compound 14, indicating that the supramolecular micelle has strong possibility to use as a T1 contrast agent. And also, because the large hydrodynamic volume of supramolecular micelle possibly enhances tumor localization through the enhanced permeability and retention (EPR) effect, 9 the supramolecular micelle would be very useful for the detection of malignant disease. Detailed evaluation and modifications are currently underway to test clinical availability.
